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Design of Experimental Methods to Test the Performance of Pads and
Helmets under Blast Loading Conditions
Kurtis Allen Palu, M.S.
University of Nebraska, 2013
Advisor: Namas Chandra
Improvised explosive devices (IEDs) have become a primary weapon in conflicts
against US and allied forces. Improvements in body armor and medicine have increased
the survivability of such events. These factors have caused an increase in traumatic brain
injury (TBI) and mild traumatic brain injury (mTBI) induced by primary blast waves.
Injury mechanisms caused from primary blast waves are not clearly understood or
defined. How primary blast waves interact with materials or between narrow gaps found
between helmet pads is not known. Two novel test fixtures were developed to provide a
basic understanding of these two issues.
The first fixture was developed to examine the helmet-head subspace focusing on
the so called “underwash” affect. All tests were carried out in the shock tubes at UNL. A
relationship between the peak pressures on the forehead and crown of the head and the
gap distance between pads was established. Based on these experiments, optimal gap
distances were determined to be 1.6”, 2.1” and 2.9” for incident pressures of 30 psi, 20
psi and 10 psi, respectively.
The second fixture was developed to investigate the blast mitigation performance
of pads and other materials. Collaborative testing was performed with the Massachusetts
Institute of Technology on sandwich samples filled with fluid or fluid-like materials.
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Results showed that below incident pressures of 20 psi the core material of the sandwich
sample has little effect on the blast mitigation performance.
Pad materials currently used in the US Army ACH helmet were tested with the
blast mitigation performance fixture. Comparison of high speed video footage and
pressure profiles taken behind the pads showed that the peak pressure occurs before
maximum displacement of the pads into the system. Theoretical stress wave transmission
times were compared to experimental values. Results confirm that stress wave
propagation is the primary mechanism in blast pressure transmission, compared to
dynamic loading caused from local deformation.
In addition a novel device, AENID was designed to simulate an IED detonating
under the floor of a vehicle such that occupant loading and kinematics can be studied in a
repeatable fashion and is offered in the appendix.
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Chapter 1: Introduction
1.1

Literature Review

Improvements in body armor and medical technology have resulted in service members
surviving experiences that in previous conflicts would have led to death. (Regan, 2004)
Current soldiers are also serving longer and multiple deployments. Soldiers returning
from Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) are
returning with what Tanielian (2008) referred to as “invisible wounds” which include
mental health conditions and cognitive impairments which are increased from multiple
exposures to improvised explosive devices (IEDs).

Traumatic brain injury is not new to the medical field. “Population-based studies in the
United States suggest that the incident of TBI is between 180 and 250 per 100,000
population per year.” (Bruns & Hauser, 2003) TBI incidents occur more often in Europe
and South Africa than the United States. Highest rate of TBI exist in males and
individuals that live in regions of socioeconomic deprivation. TBI is characterized as any
injury that alters brain function and has symptoms of confusion, altered level of
consciousness, seizure, coma or focal sensory or motor neurologic deficit. Symptoms
associated with mild TBI are less widely known and may only include subtle behavioral
and neuropsychological changes. (Bruns & Hauser, 2003)

IEDs can consist of several different kinds of explosives and as OIF and OEF conflicts
have persisted the size of improvised explosive devices has increased causing more
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intense blast waves. (Holmberg, 2010) Characterization and standardization of explosive
materials is helpful for comparison of research and live fire data. Remennikov (2005)
standardized common explosives and normalized size equivalents in terms of
trinitrotoluene (TNT) equivalent, as shown in Table 1-1. Others including Alley, 2009
and Bowen et al., 1968 characterized the positive time duration of IED/mines and larger
conventional high explosives. The general form of a shock wave, as shown in Figure 1-1
consists of instantaneous rise in pressure, followed by an exponential decay.

Table 1-1: Conversion factors for selected explosives (Remennikov, 2007)

Figure 1-1: Blast wave pressure - Time history (Kinney & Graham, 1985)
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One of the major obstacles associated with mTBI is that the symptoms are very similar to
post traumatic stress disorder (PTSD). Hoge (2008) studied 2525 U.S. Army infantry
soldiers after they had served a one year deployment in Iraq. Of the soldiers surveyed
4.9% reported loss of consciousness and 10.3% reported injuries with altered mental
status. It was concluded that PTSD and depression are closely associated with mTBI.
Long et at. (2009) found that between April 2003 and October 2005 35% of the
battlefield casualties treated at the National Naval Medical Center required neurosurgical
consultation and treatment. Many of these injuries resulted directly from the IEDs.

Courtney & Courtney (2010) outlined three possible mechanisms for primary blast
induced TBI. The first is the thoracic mechanism in which blast pressure waves enter the
thorax. The second is caused by acceleration induced by blast wave impact. Those
accelerations cause concussive injuries similar to blunt impact. The final mechanism is
direct cranial entry of blast waves via stress wave propagation.

“Thoracic trauma is common and causes a variety of injuries, ranging from simple
abrasions and contusions to life-threatening insults to the thoracic viscera. Thoracic
trauma also is associated with a high morbidity. Twenty percent of all trauma deaths
involve chest injury, making it second only to head and spinal cord injuries.” (Wanek &
Mayberry, 2004) The thoracic mechanism has been investigated for the protection of
lungs from blast overpressure. One article found that 24 of 216 autopsies performed on
soldiers contained lung damage. “In general, the incidence of blast lung in survivors
admitted to hospitals was approximately 1 to 2%, but higher percentages are reported for
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explosions in confined spaces.” (Cooper, 1996) Survival thresholds for thoracic exposure
were developed by Bowen et al. (1968) from different animal species exposed to blast
wave. Tolerance levels were calculated based on a mean of large species for specific
orientations. Threshold levels also depended on the subject’s proximity to flat rigid
structures in which the shock wave could reflect, as shown in Figure 1-2.

Figure 1-2: Predicted survival curves for max exposed in the free stream to surface bursts of TNT
where the long axis of the body is perpendicular to the blast winds (Bowen, et al., 1968)

The second mechanism identified by Courtney & Courtney (2010) is TBI caused from
the acceleration of the head. Tertiary and quaternary blast injuries are blast injuries
caused from individuals being propelled through space and collapse of structures onto
subjects which causes exposure to pollutants, respectfully. Finkel (2006) used finite
element analysis to show that both cases can cause TBI. Studies of athletic equipment
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concluded that translational and rotational accelerations can induce brain injury and that
rotational accelerations can be more severe. (Zhang, et al., 2004)

The third mechanism that the direct transmission of the blast wave into the brain causes
TBI has several possible methods of transmission. "In the case of blast-induced
neurotrauma, determining the injury mechanisms is challenging, particularly, because of
the undefined sensitivity of brain function to the stress conditions that might be inflicted
by the blast” (Desmoulin & Dionne, 2009) Two possible mechanisms have been
identified, dynamic loading caused from skull flexion and stress wave propagation. The
hypothesis that skull flexure from dynamic loading has been identified as the primary
mechanism by Moss, et al., 2009 and Mott, 2008. In recent work the underwash affect
which contributes to skull flexure was further characterized by a computational model
which compared the pressure histories of the helmet-head subspace without a helmet,
with helmet and with helmet with pads, as shown in Figure 1-3. (Ganpule, et. al, 2011)
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Figure 1-3: Pressure histories at various locations of head-helmet subspace (Ganpule, et. al, 2011)

An alternative hypothesis for the third mechanism is that the stress wave propagating into
the brain is the primary contributor has been offered by Nyein, et al., 2010 and Grujicic,
et al., 2010. Both used computational models to investigate stress wave mitigation
methods and effectiveness of current military equipment. Taylor (2009) performed a
computational model with a 1.3 MPa incident pressure and concluded that a mechanism
contributing to TBI from blast exposure can occur on a shorter time scale than previously
thought. This mechanism occurred in the first 2 milliseconds in which the head model
had only moved 1 mm.

“The design of the currently used Advanced Combat Helmet (ACH) has been optimized
to attain maximum protection against ballistic impacts and hard-surface collisions.
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However, the ability of the ACH to protect soldiers against blast loading appears not to
be as effective.” (Grujicic, et al., 2011) Polyurea, a micro-segregated elastomeric
copolymer has shown potential as an affective blast mitigation material. Grujicic, et al.
(2011) compared computational models of different modifications to the ACH and found
that placing a 2 mm thick polyurea internal liner in the ACH had the best blast mitigation
performance. The increase in performance was only a small improvement over the
current configuration.

Gardner et al. (2010) and Hui & Oskay (2012) also designed improvements to the ACH
by using polyurea to improve blast mitigation performance. Their focus was primarily on
adding polyurea layers to the pads rather than a liner for the helmet. Gardner et al. (2012)
found that by placing a polyurea interlayer in the material the back face deflection,
particle velocity and in-place strain was reduced. These findings were later confirmed by
computational models developed by Hui & Oskay (2012).

There have been a few studies on the effect of acoustic impedance mismatch between
materials on blast. One research varied the number of foam layers and thickness of each
layer. Each combination was then subjected to blast and the overall performance was
analyzed. “It has been shown that the attenuation of a shock wave through a sample with
large variations in acoustic impedance between its layers is dominated by the stress
equilibration time across the interfaces of those layers leading to a dispersion type
attenuation of the loading wave.” (Petel, et al., 2011)
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1.2

Theory of Shock

A basic understanding of shock wave physics is essential to accurately perform and
analyze blast experiments. An advantage to performing blast experiments inside of a
shock tube is that the shock wave profiles remain one dimensional during the experiment,
whereas for a free field blast the shock wave profiles immediately become three
dimensional. Three dimensional shock waves become non-uniform and are very difficult
to analyze whereas one-dimensional shock waves remain uniform.

One-dimensional shock waves are characterized by Rankine-Hugoniot (R-H) jump
conditions which describe the wave characteristics based on ambient conditions prior to
shock arrival and the state behind the shock front, as shown in Figure 1-4. Shock waves
are large disturbances that propagate at supersonic speed and change pressure, density,
temperature and physical properties almost instantaneously. The shock front travels at a
velocity D and connects two uniform states characterized as states zero and one.
(Besancon, 1985)

Figure 1-4: Description of state change caused from shock wave traveling at a velocity, D
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By looking at a specific volume around the shock front, as shown in Figure 1-5 the two
states can be related in order to derive characteristic equations. Assuming that the shock
wave remains one-dimensional the conservation of mass, momentum and energy can be
applied. It is also assumed that the ambient particle velocity is zero for shock tube
applications.

Figure 1-5: Specific volume around shock front used to derive characteristic equations

By applying the conservation equations to Figure 1-5 the following were derived:
Conservation of Mass

Conservation of Momentum

Conservation of Energy
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Equation of State

Ambient to post shock ratios of pressure, temperature and density are commonly used to
derive shock tables. These ratios assume ideal gas behavior and that the specific heat
remains constant. The change in state is assumed to be adiabatic due to the instantaneous
change of state which makes any heat transfer negligible. This assumption remains
accurate for Mach numbers less than five, above five the accuracy of the equations can
deviate up to 10% (Gaydon & Hurle, 1963). Equations for pressure, temperature and
density ratios were derived from Equations 1.1-1.4 and are as follows:

[

][

]

Where state one is the ambient conditions, state two is behind the shock front and M is
the Mach number defined as:
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1.3

Research Scope

The overall goal of the UNL Blast Facility is to develop a better understanding of TBI
and mTBI induced from primary shock waves. The goal of this thesis is to develop new
test methodologies to study how shock waves to study shock wave interaction with
different materials, structures and helmet-pad orientations.

Two test fixtures are needed, each focusing on different aspects of the helmet-head
subspace. The first test fixture would focus on the “underwash” affect, the second on
blast mitigation performance from the impact of the primary shock wave onto the helmet.
The “underwash” fixture will be used to investigate a gap relationship between pressures
observed at the forehead and crown of the head. The other will be used to identify the
primary mechanism causing pressure transmission from shock wave interaction.

1.4

Organization of Thesis

This thesis is organized into seven chapters. Chapter one includes background and a
literature review outlining previous work performed in an effort to understand TBI and
mTBI. A brief overview of shock wave theory was included to give an understanding of
blast wave physics. Chapter two outlines equipment used in the UNL Blast Facility used
for experimentation and analysis.

The third chapter describes the development of a fixture used to determine how the gap
distance between helmet pads affects pressures observed on the forehead and crown of
the head under blast loading. Pressure data obtained from full scale Focus head form
fitted with a suspension helmet was used to develop the simple fixture.
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The fourth and fifth chapters outline the development of a fixture used to test pad
performance and mitigation when impacted with primary blast waves. The fixture was
developed during collaborative work with the Massachusetts Institute of Technology.
Some additional testing was performed with the fixture to identify the primary
mechanism contributing to pressures observed in the brain under blast loading.

Chapter six describes additional test methodologies developed that do not pertain to the
TBI and helmet pads. The final chapter sums up the results from each of the project
chapters and suggests future work to be performed with the developed test
methodologies.
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Chapter 2: Laboratory Equipment
The University of Nebraska-Lincoln Blast Facility contains three shock tubes: a round 4”,
a square 9” and a square 28”. All three tubes are operated using the same control and data
acquisition systems. The lab facility, as shown in Figure 2-1 has a separate control room
where experiments are executed remotely. Occupants are not allowed within the shock
tube room during the execution of experiments for safety purposes.

Figure 2-1: Blast facility schematic (Holmberg, 2010)
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Each shock tube consists of two main sections, the breech and the barrel. The barrel is
where all experimental samples are subjected to shock waves. To perform an experiment
0.002” or 0.01” thick Mylar membranes are sealed between the breech and barrel. The
breech is then filled with either nitrogen or helium depending on the desired wave profile.
Once pressurized the Mylar membranes burst almost instantaneously and a shock wave is
released down the barrel of the shock tube.

The wave profile is dependent upon the number of Mylar membranes that are placed
between the breech and barrel and also on the length of the breech. In general the more
membranes that are used the higher the peak incident pressure. The duration of the wave
profile can be adjusted by changing the length of the breech. When the membranes burst
a shock wave is released down the barrel and a rarefaction wave is also released in the
opposite direction which reflects off the rear of the breech and then travels down the
barrel. The time that it takes for that rarefaction wave to reflect off the back of the breech
and enter the barrel of the shock tube determines the positive time duration of the shock
wave.

2.1

Data acquisition system

The data acquisition system used at the UNL Blast Facility is described in the following
sections. It is composed of hardware from National Instruments and software developed
using LabVIEW to collect and analyze the data. Specifications of sensors and high speed
cameras used for data collection were also provided.
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2.1.1

Trigger

The trigger utilizes a piezoelectric element that is attached to the exterior of the shock
tube. A voltage comparator along with additional circuitry sends a 5V analog signal to
the DAQ, triggering the event.
2.1.2

DAQ

Two National Instruments PXI-6133 acquisition cards, as shown in Figure 2-2 were used
for data acquisition. These cards have 8 analog input channels which feature 14 bit
sampling at 2.5 MHz. Sampling rate was set to 1 MHz for all experimentation. Two
BNC-2090 panels were connected to the PXI cards allowing for input signals to be easily
connected to the DAQ. Communication between the DAQ and computer system in the
control room is done by a CAT-5 Ethernet cable (National Instruments, 2005).

Figure 2-2: National Instruments DAQ

Kleinschmit (2011) developed all necessary software for controlling the DAQ using a
LabVIEW project and vi. This program allows users to adjustment the sampling rate and
number of samples to be recorded. Sensor calibration values and location labels can be
applied to each channel that is being recorded for a given experiment. Input profiles for
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each channel are also monitored prior to each experiment. Once triggered a text file is
created which contains sensor names and locations, sample rate information and the raw
data for each channel.
2.1.3

Data analysis

Experimental text data files are converted into CSV files using Microsoft Excel. Once the
files are reformatted they are opened in DPlot. DPlot is a graphical software program that
is used to find empirical data such as the peak pressure and rise time. It is also used to
create plot images. While DPlot contains several tools useful in the creation of figures it
does not contain the ability to create three dimensional profile comparison plots. To
accomplish this task a simple MATLAB code was created to import the CSV files and
create three dimensional plots.
2.1.4

Gas system

The gas system, as shown in Figure 2-3 allows the operator to control the inflow and gas
into the system which determines when the blast event will occur. In case of any
emergency the operator also has the ability to expel gas from the breech which is
necessary for safety purposes.

Figure 2-3: Gas system hardware with part identifications (Holmberg, 2010)

17

Holmberg (2010) installed and programmed a National Instruments cRIO-9073 with NI9403 and NI-9203 modules. The system is operated using a LabVIEW project and vi, as
shown in Figure 2-4. Once the program starts the operator simply clicks the “Fill Breech”
button and the gas system fills the breech for the prescribed duration. This program also
records atmospheric conditions at the time of the experiment.

Figure 2-4: Gas system control panel created using LabVIEW (Holmberg, 2010)

2.2

High Speed Camera

High speed camera footage is used to verify sample orientation at the time of arrival of
the shock wave as well as kinematics during the event. A Photron Fastcam SA1.1 high
speed camera, as shown in Figure 2-5 is used; the SA1.1 features a maximum pixel
resolution of 1,024 x 1,024 with variable region of interest and is typically used in
ballistics and materials research (Photron, 2013)
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Figure 2-5: Photron SA1.1 high speed camera (Photron, 2013)

Frame rate of the SA1.1 is dependent on the size of the user defined region of interest.
The maximum frame rate of 675,000 frames per second is only available if the resolution
is set to 64 x 16 or less. At full resolution, 1,024 x 1,024 the maximum frame rate is
5,400 fps. The desired frame rate for blast experimentation in this document was at least
10,000 fps resulting in a resolution of approximately 850 x 600 pixels (Photron, 2013).

The camera iss triggered using the DAQ trigger output channel, a 5V TTL signal is
required to trigger. This camera includes an 8GB internal storage where the footage is
temporarily stored after each experiment. The camera is connected to a laptop computer
via a CAT-5 network cable during experimentation, allowing for adjustments to be made
using PFV (Photron FASTCAM Viewer) software. This software also allows for video
footage to be cropped and permanently saved to the laptop or to an external hard drive.
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2.3

Sensors used for data collection

A variety of sensors are used, pressure sensors are chosen based on requirements for each
specific application. Both piezoelectric and piezoresistive sensors are used, both are
commonly used for dynamic pressure measurements. Piezoelectric sensors are not
capable of measuring constant static pressures due to the charge decay in the sensors.
This decay is based on a specified time constant, for blast events which typically last less
than 20 milliseconds this decay is insignificant (PCB Piezotronics, 2009).

Piezoelectric pressure sensors use a diaphragm that deforms under pressure into a crystal,
as shown in Figure 2-6. When the crystal, typically quartz or tourmaline is deformed it
displaces an electric charge which is then amplified. Amplification is necessary due to the
low current capabilities of the crystals. Charge amplifiers can be built into the sensor or
included as an exterior component.

Figure 2-6: Cross section of typical piezoelectric pressure sensor with labels (PCB Piezoelectronics,
2009)
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Piezoresistive pressure sensors contain a thin element with resistive elements affixed to it
that under goes flexure, during flexure the resistivity of the element changes which
changes the output voltage of the sensor. Piezoresistive sensors are typically configured
with a Wheatstone bridge, as shown in Figure 2-7.

Figure 2-7: Wheatstone bridge found in piezoresistive pressure sensor (Endevco, 2012)

2.3.1

PCB pressure sensors

The PCB 134A24, as shown in Figure 2-8 uses a tourmaline crystal as its piezoelectric
element. They are commonly used in the UNL Blast Facility to measure the incident
wave profile. Typically they are used with PCB 402A charge amplifiers and a PCB 482C
signal conditioner. This sensor has an output voltage range of +/- 5V and a measurement
range of 0-1000 psi with 0.2 psi resolution. The advertised response time of 0.2
microseconds make them ideal for blast experimentation. (PCB Piezotronics, 2003)
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Figure 2-8: PCB 134A24 piezoelectric pressure sensor (PCB Piezotronics, 2013)

The external housing of the PCB 134A threaded ½”-20, making them very easy to install
and interface with the interior of the square shock tubes. Kleinschmit (2011) found that
the factory calibrations performed by PCB are consistent with the derived calibration
factors.
2.3.2

Endevco pressure sensors

Endevco 8530C-100, as shown in Figure 2-9 is a piezoresistive pressure sensor with a
pressure range of 0-100 psi. The Endevco 8530C-100 feature a silicon diaphragm with a
four-arm strain gauge bridge implanted onto it allowing for high sensitivity across a wide
pressure range. Endevco advertises that these sensors are capable of remaining linear
across 3x the stated pressure range. These sensors are rated for 20,000 g shock and have
an element burst pressure of 400 psi. Endevco 8530C-100 has a typical sensitivity of 2.25
mV/psi. (Endevco, 2012)

Figure 2-9: Endevco 8530C-100 (Endevco, 2013)
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2.3.3

Kulite pressure sensors

The Kulite XCL-072-500A, as shown in Figure 2-10 is a piezoresistive pressure sensor
that is ideal for non-intrusive applications in which the sensor needs to be instrumented as
a probe. They feature a pressure range of 0-500 psi and a sensitivity of 0.2 mV/psi. The
outside diameter of the Kulite pressure sensor is .075” (1.8mm); it is commonly mounted
in a sheath allowing for it to be inserted as a probe. This sensor can be inserted into both
conductive and non-conductive liquids. (Kulite Semiconductor Products, Inc., 2013)

Figure 2-10: Kulite XCL-072-500A pressure sensor (Kulite Semiconductor Products, Inc., 2013)
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Chapter 3: Development of Helmet-Head Subspace Fixture
3.1

Project Overview

The advancement of body armor and the resulting increase in the survival rate of military
personnel have brought on an increase in occurrence of mild traumatic brain injury
(mTBI). The exact mechanics of what causes mTBI associated with shock waves from
explosive devices is not completely understood.

The findings of Mott et al. (2008) demonstrate that pressure waves are intensified as they
travelled between the helmet and head. For the case when the subject was facing the
shock wave the highest points of intensification were found to be on the “back side” of
the head.

Moss, et al., 2009 stated “When this ‘underwash’ occurs, geometric focusing of the blast
wave causes the pressures under the helmet to exceed those outside the helmet, so the
helmet does not prevent the rippling deformation of the skull and the pressure gradients
in the brain.” (Moss, et al., 2009) It was also determined that significant skull flexure can
occur from non-lethal blast waves and that it is possible for the skull flexures to produce
potentially damaging loads to the brain. Moss, et al., 2009 also found that ACH-style
foam-padded helmets greatly reduce the underwash affect and that if skull flexure is
determined to be a major contributor to mTBI then an effective mitigation strategy would
be to prevent underwash by denying access to the helmet-head subspace.
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It was hypothesized that the gaps between pads like those found in the ACH have a
significant impact on the injuries caused from the explosion’s shock waves. Reducing the
gap distance between pads could be used to help mitigate or possibly prevent high
pressures from entering the helmet-head subspace. It was also believed that high pressure
gradients applied to the forehead could equally contribute to mTBI. A better
understanding of the gap relationship that results in better blast mitigation would aid
developing new pad configurations for military helmets.
3.1.1

Current Military Helmet Pad Orientation

Current military regulations require that soldiers use the standard pad orientation, as
shown in Figure 3-1 in their ACH combat helmets. The ACH technical manual also
states, “The hardware for the ACH helmets – where the chin strap retention system
webbing attaches to the helmet shell – must be covered for all training and combat
missions. The oblong/oval pads must be placed flush with the rim (edge) of the helmet
and completely cover the hardware.” (Department of the Army, 2008) While these
regulations clearly outline the military’s required orientation they do allow for each
individual soldier to adjust the pads for comfort. These adjustments, as shown in Figure
3-2 can result in drastic variations in gaps between pads, which affect the pressures
observed under the helmet during a blast event.
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Figure 3-1: Standard 7-pad military helmet configuration (Department of the Army, 2008)

Figure 3-2: Standard configuration with minimum (left) and maximum (right) allowable gaps, both
cases meet current military regulations
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3.2

Sensor Selection and Calibration

Two pressure transducers are used during the experiment. PCB 134A24 piezoelectric
pressure transducers are mounted in the side wall of the 9” square tube just before the test
fixture to measure the input pressure profile. These sensors are regularly calibrated in our
laboratory. Endevco 8530C-100 piezoresistive pressure transducers are used in the test
fixture. The design of these sensors allows for them to be mounted very easily to the test
fixture.

3.2.1

Sensor Calibration

Each of the Endevco sensors had a calibration sheet which specified the factory
calibration. Previous work in the UNL Blast Facility proved that these calibration factors
may not be accurate across all pressure ranges, especially for dynamic loads. Calibration
experiments were performed under a procedure developed to test the accuracy of the
factory calibration factors and also calculate new calibration factors.

Calibrations were performed in the UNL Blast Facility 4” diameter shock tube. An end
cap was used to seal the muzzle of the tube. All of the Endevco sensors were mounted to
this end cap with the sensing elements perpendicular with the direction of the shock
wave. Each of the sensors was mounted flush with the interior of the end cap. Additional
pressure transducers were mounted to the side wall of the 4” diameter shock tube, as
shown in Figure 3-3. Transducers were mounted in locations 0, 1, 2 and 3. These sensors
were used to calculate the shock wave velocity as it traveled down the tube. Additionally
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atmospheric pressure, temperature and humidity were recorded at the time of each
calibration experiment.

Figure 3-3: 4" diameter tube sensor locations (Holmberg, 2010)

The 4” diameter shock tube easily generates flat top wave profiles which allowed
Rankine-Hugoniot conditions (R-H conditions) to be utilized. Flat top shock waves
maintain their velocity and incident pressure along the length of the tube, from which the
speed is accurately estimated by the arrival time at the side wall transducers. R-H
conditions are used to calculate the theoretical incident pressure based on the velocity of
the shock wave and the temperature. However the experimental setup outlined above
causes the Dytran sensors to be subjected to a reflected pressure rather than the
theoretical incident pressure calculated using R-H conditions. A function that calculates
the reflected pressure on a surface perpendicular to the direction of the shock front based
on the incident pressure is used to find the theoretical reflected pressure.

A test matrix consisting of five membrane thicknesses is chosen, as shown in Table 3-1.
This range of membranes allows for the sensors to be calibrated on a range of 30-90 psi.
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Each test is repeated five times eliminating the possibility of a statistical anomaly to
occur.
Table 3-1: Calibration test matrix

Membrane Thickness
0.01”
0.007”
0.005”
0.004”
0.002”

Replications
5
5
5
5
5

3.2.1.1 Pressure Calculations
Theoretical incident pressures were calculated using the following equations based on RH conditions:

√
Where: P2 = Incident Pressure
P1 = Atmospheric pressure
M = Mach number
γ = Specific heat ratio
R = Gas constant
T = Temperature
D = Wave velocity
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By combining the above equations and subtracting atmospheric pressure an equation for
the theoretical gauge pressure was derived:
(
√

)

The theoretical gauge pressure was then used to calculate the theoretical reflected
pressure according to the following equation:

3.2.1.2 Analyzing Output Voltage
The wave velocity described above is determined by calculating the difference in arrival
times between two sensors in the side wall of the 4” diameter tube. Arrival time of the
pressure profile is determined, as shown in Figure 3-4 by marking the first influx of
pressure.
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Figure 3-4: Definition of time of arrival for shock front for pressure profiles

Sensor responses typically have a degree of noise associated with them. To accurately
determine the peak pressure of the Dytran pressure transducer a 200 point average is
taken, as shown in Figure 3-5. This average does not including the first few data points
that are categorized as overshoot, which do not truly represent reality. The first data point
after the overshoot is used as the beginning of the 200 point average. Sampling for all
experiments is 1 MHz, meaning that the 200 point average spans 0.2 milliseconds. This
technique for determining the peak pressure is used for all data analysis performed in this
thesis.
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Figure 3-5: Definition of 200 point average used for determining peak pressure values

3.2.1.3 Comparison of Calibration Factors
Three calibration factors are compared: the factory calibration factor, the calculated
calibration factor and regression calibration factor. The factory calibration factor is
determined from calibration sheet provided by the manufacturer. For the calculated
calibration factor the peak voltage output is divided by the theoretical reflected pressure
for each test, this value is then averaged over all five tests. Finally a function that
described the regression line is created. An example of the regression function is:
Function (PSI) = (voltage (mV) – 5.51)/1.84.

These three calibration factors are calculated for each of the pressure transducers. To
compare the accuracy of the calibration factors the pressure difference from the
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theoretical pressure is analyzed, as shown in Figure 3-6, Figure 3-7, Figure 3-8 and
Figure 3-9. The regression function follows the theoretical value the best out of the three
calibration factors. The downside of using the regression line is that it contains an offset
value which can affect the data at lower pressures. When comparing the calculated and
factory calibration factors there is not a statistical difference between the two calibration
factors. Therefore the factory calibration factor is determined to be accurate with the
highest deviation occurring at 90 PSI with a theoretical drift of less than 8%.

Figure 3-6: Calibration results of Endevco 12523
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Figure 3-7: Calibration results of Endevco 12530

Figure 3-8: Calibration results of Endevco 12534

34

Figure 3-9: Calibration results of Endevco 12535

3.3

Fixture Development

The test section in the 9” square tube, as shown in Figure 3-10 was chosen as the
placement for the fixture. Mounting the fixture in the test section allows observation of
each experiment using high speed cameras. It also provids easy access to the test fixture
allowing for experiments to be performed rapidly.
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9” Shock Tube

9” Test Section

Figure 3-10: 9" square tube (left), 9" shock tube test section (right)

3.3.1

Initial Design

The geometry of the helmet and head affect both the peak pressure and impulse.
Simulations performed by Ganpule et al. (2011) agree with the findings of Mott et al.
(2008) which shows this affect.. Three geometries were compared: cylindrical helmet and
head, flat helmet and cylindrical head and flat helmet and head. Although the flat helmet
and head case varied greatly with the actual results a two dimensional simplification of
the helmet-head subspace is possible.

Initial fixture design consisted of two plates measuring 12” x 8 7/8” x ½”. The window
side plate was constructed of polycarbonate allowing observation of the experimental
behavior. The other plate was constructed using mild steel. Two 12” x ¾” x ¾”
aluminum bars connected the two plates together. The fixture is mounted to the top and
bottom of the test section. Two slots were milled out on the steel plate, as shown in
Figure 3-11. The milled slots allow for the Endevco pressure transducers to be mounted
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such that the sensor is flush with the inside of the plate. By mounting the pressure
transducers to the steel plate the incident pressure between the two plates is measured.

Figure 3-11: Conceptual design of underwash fixture orientated in 9” shock tube

3.3.1.1 Initial Tests
In order to ensure that any pressure observed between the plates is from the shock wave
entering the fixture from the front, initial experiments were performed. For these
experiments both the front and rear areas between the plates are sealed. To seal the spaces
foam is inserted between the plates with a void space left between the two pieces of
foam; additionally aluminum duct tape is applied over both openings. Aluminum duct
tape is non-permeable, guaranteeing that no pressure from the shock front enters the void
space through the front or rear openings. A 30 psi incident pressure wave profile with a
positive time duration of approximately 8 milliseconds is applied to the sealed fixture.
Four Endevco 8530C-100 pressure transducers are mounted to the steel plate, two of
which were mounted such that they were covered with the front piece of foam. The other
two pressure transducers are mounted to read the pressure in the void space. The purpose
of the two transducers mounted behind the foam is to determine if any false pressure
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readings can be obtained from the stress wave propagating through the steel plate, while
the two in the void space read any pressure increase in the void space.

Output from the fixture, as shown in Figure 3-12 illustrates that the two pressure
transducers mounted behind the foam see no pressure increase. The two transducers
mounted in the void space see a pressure increase of approximately 2.5 psi. While this
pressure increase is only 8.3% of the incident pressure the cause of the pressure increase
was investigated further.

Figure 3-12: Pressure profiles of initial underwash test with sealed front and back

It was hypothesized that the pressure inside the tube could have caused the polycarbonate
plate to deform into the void space. To test this hypothesis a strain gauge is affixed to the
polycarbonate plate, as shown in Figure 3-13. Although nothing definitive is observed in
the data from the strain gauge it was calculated that the polycarbonate plate would only
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have to deform 2.7 mm for the pressure to increase 2.5 psi according to the following
equation:

By assuming that the temperature and volume of gas in the void space remain constant
the following equation was derived:

Where: P1 = Atmospheric pressure
P2 = Peak pressure in the void space
V1 = Initial volume
V2 = Final volume

Strain gauge affixed to test fixture

Figure 3-13: Underwash fixture with strain gauge affixed to polycarbonate plate

The polycarbonate plate was redesigned to eliminate the increase in pressure observed in
the void space during the initial tests. A steel plate measuring the same dimensions as the
polycarbonate plate was fabricated. A polycarbonate window measuring 6” x 2” was
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inserted into the new steel plate, as shown in Figure 3-14. This new plate was referred to
as the window side plate.

Polycarbonate window

Figure 3-14: Window side steel plate with PC insert (left), Fixture with new plate (right)

3.3.1.2 Routing Sensor Cables
Sensor cables are held in place using aluminum duct tape which adheres very well to
steel. Cabling is then routed through a hole in the test section and into the DAQ. As the
input incident pressure of the system increases the aluminum tape begins to peel off the
steel plate. The tape peeling off the steel, as shown in Figure 3-15 is problematic because
the cables are no longer secured to the surface allowing them to be thrown around by the
shock wave which can damage the cables. When the cables slapp up against another
surface it also causes problems in the data, as shown in Figure 3-16. This mechanical
flexing of the cable induces triboelectric noise causing a drastic increase in the current
being sent through the amplifier and into the DAQ. Because the amplified signal is much
greater than what the pressure transducer typically produces the DAQ clips the signal.
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Aluminum tape peeled up by shock wave

Figure 3-15: Identification of peeling of aluminum tape

Result of triboelectric noise

Figure 3-16: Profile where triboelectric noise caused from peeling of aluminum tape dominates the
signal
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To guarantee that the aluminum tape remains adhered to the steel plate over multiple tests
brass strips were formed such that the front edge of the tape remains secure and the
sensor wires remain in the formed slot, as shown in Figure 3-17.

Brass retainers used to secure sensor wires

Figure 3-17: Brass sensor wire retainers used to secure sensor wires

3.3.2

Fixture Verification

The purpose of the test fixture was to create a two dimensional analog of the helmet head
subspace that would allow for analysis of the pad gap pressure relationship. While full
scale data was not available to verify the fixture it is relatively easy to see the similarities
between the two dimensional fixture and a single pad gap at the front of the helmet, as
shown in Figure 3-18. In both cases the shock front passes between two samples defined
as the pad gap and then enters into an expanded cavity where it reflects off another
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surface. For the ACH this reflected surface is the crown pad and for the fixture this
surface is the back of the fixture. Although the crown pad is not perfectly rigid it is
securely held in place by the Velcro of the helmet.

Figure 3-18: Analog of 3-D ACH helmet to 2-D fixture

3.4

Test Protocol

3.4.1

Test Parameters

Upon examination of the current military helmet pads manufactured by Team Wendy a
thin plastic liner was found between cloth exterior and foam components. This thin
plastic liner functions as an air bag and also prevents any air from permeating through the
foam material. Pads used in the ACH do not provide all of the gap distances in the
fixture. If permeable foam is cut to the required sizes, pressure could travel through the
foam and into the fixture, skewing the testing results. Based on this observation a nonpermeable material was used in place of the pads. Aluminum was chosen as the test
sample material because it is easily obtained and machined. Using aluminum also ensures
that the samples will not deform during testing and a true understanding of gap-pressure
relationship can be obtained as the gap distance will remain constant through the
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experiment. The gap-pressure relationship is defined by how the peak pressure in front of
and behind the sample changes relative to the gap distance between samples, as shown in
Figure 3-19.

Figure 3-19: Diagram of fixture setup

Three pressure transducers are used for the gap tests; all three of the sensors are mounted
at the center of the gap, as shown in Figure 3-20. Relative to the horizontal axis one
sensor is mounted directly in front of the samples, one halfway through the gap and the
third was mounted in the void space behind the sample. Aluminum block sets are
machined for each gap in the test matrix and mounted to the fixture with the same
distance from the front of the fixture. This distance of 1/2” is determined by inserting the
pads into the helmet according to current military regulations and measuring the distance
between the pad and helmet lip.
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Figure 3-20: Image of test setup with labels

3.4.2

Test Matrix

Six gaps are tested at three incident pressures with each test being repeated three times, as
shown in Table 3-2. Values for the gap distance are determined based on current military
requirements for pad orientation. Maximum and minimum pad gaps are found to be 3.9”
and 0” based on military regulations for pad orientation. It is also determined that 0.5”
and 1” were common gap distances between the front and oval helmet pads. Each test is
replicated three times to allow for statistical analysis.
Table 3-2: Gap-pressure relationship test matrix

Gap (in)

Incident Pressure (psi)

Replications

0, 0.5, 1, 2, 3, 3.9

10, 20, 30

3
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3.5

Results

The focus of the test series is the pressure relationship between the front and rear sensors.
Initial examination of the data showed that the middle sensor did not have any discernible
data. From that examination it was determined that only the front and rear sensors needed
to be included in the analysis.
3.5.1

Observed Profiles

Wave profiles of the front sensor are compared against each other and also against the
input wave profile, as shown in Figure 3-21. When the gap distance was set to 2”, 3” and
3.9” two peaks are observed in the profile. The wave velocity was determined using the
Rankine-Hugoniot jump conditions for each experiment. The travel time for the wave to
enter the fixture, reflect off the back of the fixture and return to the front sensor was
calculated and matched the rise time to the second peak for each case. Based on those
findings the second peak is negligible and only the first peak was analyzed. Peak pressure
appears to decrease linearly as the gap distance is increased with peak pressure ranging
from 40 psi for the 3.9” gap and 104 psi for the 0” gap. Front peak pressure is also higher
than the peak incident pressure for each case.
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Figure 3-21: Typical front sensor profile comparison for 30 psi incident pressure (raw)

A similar analysis is performed for the rear sensor, as shown in Figure 3-22. As expected
the highest peak pressure is observed for the 3.9”gap and as the gap distance is reduced
the pressure observed by the rear sensor is also reduced.
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Figure 3-22: Typical rear sensor profile comparison for 30 psi incident pressure (raw)

Some anomalies are observed in the data as the gap distance is reduced. In these cases the
rear pressure profile slowly increases until all three Endevco sensors decay in a similar
fashion, as shown in Figure 3-23. The discharge observed by the middle and rear sensors
is from the rarefaction wave catching the incident wave profile. The gradual pressure
increase in the rear sensor is from internal reflections of the shock wave in the fixture. A
distinct initial peak still exists in each of these profiles and is used as the peak for the rear
pressure sensor, as shown in Figure 3-24.
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Figure 3-23: Typical pressure profiles for 1" gap - raw

Figure 3-24: First peak identification for rear sensor

3.5.2

Comparison of Observed Peak Pressures

Similar trends are observed in the peak pressures over all three incident pressures, as
shown in Figure 3-25, Figure 3-26 and Figure 3-27. When the gap is set to zero inches
the front pressure transducer has the highest pressure observed for all the gaps. As the
gap is increased the peak pressure decreases. The rear pressure transducer, located behind
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the samples sees the opposite behavior, as the gap distance increases so does the peak
pressure. The point at which these curves cross indicates an ideal gap distance in which
the peak pressures in front of and behind the sample has the lowest values. Ideal gap
distances are determined to be 1.6”, 2.1” and 2.9” for incident pressures of 30 psi, 20 psi
and 10 psi, respectively. Ninety five percent confident intervals are added to each of the
figures, the ideal gap distances become regions of interest for each of the pressure.

Figure 3-25: Front-rear peak pressure comparison - 30 PSI
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Figure 3-26: Front-rear peak pressure comparison - 20 PSI

Figure 3-27: Front-rear peak pressure comparison - 10 PSI
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Chapter 4: Blast impact mitigation fixture development
4.1

Introduction

The UNL Blast Facility was contacted by a research group at the Massachusetts Institute
of Technology (MIT) for some collaborative work. Stewart (2008), Goel (2011) and Yost
(2012) had developed a helmet pad system and were obtaining 3rd party testing for
validation. Testing performed by Yost, 2012 in collaboration with Purdue University was
presented. The UNL Blast Facility was asked to replicate the testing performed at Purdue.

4.2

Preliminary Testing

In an attempt to very quickly replicate the experimentation performed by Yost (2012), 4”
round sandwich samples are constructed under the same protocols with the materials
obtained from MIT. For preliminary testing the only filler material used was glass beads.
Samples are then inserted into the muzzle of the UNL Blast Facility’s 4” round shock
tube, as shown in Figure 4-1. By making the samples the same diameter as the shock tube
the dominance of the edge effects are reduced because the sides of the samples are not
directly exposed to the shock front. Three pressure transducers are used for these
experiments. Two of the transducers are placed in the side wall of the tube to measure the
incident wave profile; the third transducer is mounted in the end cap and placed directly
behind the center of the sample. To guarantee that the sample does not separate from the
end cap during the experiment spray adhesive is applied to sample-end cap interface.
Adhesive is not applied to the area where the pressure transducer interacts with the
sample.
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Figure 4-1: Cross section of 4” diameter tube used for initial test configuration

4.2.1

Sensor Selection

Existing sensor locations in the side wall of the 4” round shock tube are used. Two
different pressure transducers are typically used in these locations, Kulite XCL-072-500A
pressure probes were chosen for these experiments. The Kulite probe was chosen because
they typically have lower amounts of noise and very accurately measure the incident
wave profile. To measure the pressure behind the sample, PCB 134A24 piezoelectric
pressure transducers are used. The PCB is capable of measuring both pressure and the
force being applied to it by a solid/fluid.

4.2.2

Effects of Sensor Placement

In the first experiment the PCB sensor is mounted flush with the inside of the end cap
resulting in a direct interface with the sample. Kulite probes 347 and 353 are located in
the side wall of the 4” round tube to measure the incident and reflected pressure during
the blast event. Peak incident and reflected pressures were 24.7 PSI and 70.3 PSI,
respectively. Peak pressure for the PCB transducer, as shown in Figure 4-2 was 182 psi

53
which is significantly different from what was observed by Yost (2012) for similar peak
pressure input. The second set of peaks in the data is from the shock wave reflecting back
and forth in the shock tube and is inconsequential.

Figure 4-2: Pressure profiels with PCB flush mounted (raw)

Reexamination of the test protocol identified that the pressure transducer used by Yost
(2012) was recessed 1/8”. Adjustments are made to the PCB transducer such that it is
recessed an 1/8” behind the sample. Peak output, as shown in Figure 4-3 is significantly
different (42.4 PSI) than the output profile when the transducer is mounted flush.
Recessing the sensor results in a 76% reduction in the peak pressure observed behind the
sensor.
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Figure 4-3: Pressure profiels for PCB sensor recessed 1/8"

It was hypothesized that when the sensor in recessed the pressure measured by the sensor
is not the pressure transmitted by the pad but that it is the pressurization of the air trapped
between the sample and sensor, increasing from the pad deforming into the void space
between the sensor and sample. To check the validity of this hypothesis the sensor is
recessed 1/4” and the experiment repeated. Peak pressure observed by the PCB pressure
transducer with the sensor recessed 1/4” is 10.7 PSI, as shown in Figure 4-4.

Figure 4-4: Pressure profiles for PCB sensor recessed 1/4"
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4.2.3

Sensor Placement Anomaly

Comparison of the effects of the sensor being recessed does not explain why the peak
pressure observed behind the sample is so much higher than the reflected pressure
observed by the Kulite probes. One possibility is that the stress wave propagating through
the sample is being amplified due to impedance mismatch or a portion of the stress wave
could have been reflecting off the side wall of the shock tube and meeting at the center of
the pad, causing a singularity in the pressure data.

To test this hypothesis a second PCB sensor is added 1” below the first PCB transducer,
as shown in Figure 4-5. Comparison of the output, as shown in Figure 4-6 illustrates that
there is not an anomaly in the center of the pad as hypothesized. Both transducers have
similar responses with slight differences in the peaks. The offset sensor which is mounted
1” below the center has an 11.7 PSI higher initial peak and an 11 PSI lower second peak.
These results also depict how pressure response across a single pad varies and that both
of these transducers only represent the pad response at that particular location. Neither of
the transducers truly represents the global response of the pad.
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Figure 4-5: 4" tube experimental setup with 2nd PCB transducer

Figure 4-6: Sample response with 2 PCB transducers (top), Rise profile comparison of PCB sensors
(bottom)
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Mounting a pad sample to a rigid surface with pressure transducers mounted flush to the
back side of a pad sample does not accurately depict the global response of the pad
subjected to blast loading. To gain an understanding of the global response of a pad
subjected to blast loading the sample needs to be mounted to a semi-rigid surface that has
the ability to translate. It was proposed to place a compressible fluid behind the semirigid surface and measure the pressure increase in the fluid.

4.3

Development of 9” Tube Fixture

A new fixture in which the sample is not mounted to a rigid wall is needed for the study
of pressure transmission. To accomplish this, a fluid-backed test fixture was designed, as
shown in Figure 4-7. The sample was mounted to a plunger which sealed a cylinder filled
with fluid. During experimentation the shock front impacts the sample; any pressure
transmitted by the sample onto the plunger pressurizes the fluid and is measured by a
pressure transducer in the fluid. The plunger is be free to translate into the fluid space but
does not allow any fluid or pressure to escape between it and the fixture. An 11” mild
steel cylinder with 4” inside diameter and ½” wall thickness was used for the fixture. Fins
were added to the fixture such that it could be easily mounted into the 9” square shock
tube test section.
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Figure 4-7: Blast impact mitigation fixture concept (left) with component labels (right)

Polycarbonate was chosen as the material for the plunger due to its similar material
properties as skull. Thickness of the plunger is ½” and was manufactured with a 2 mil
clearance with the cylinder, as shown in Figure 4-8.

Figure 4-8: Polycarbonate disked used for plunger, machined for 2 mil clearance

4.3.1

Fluid Selection

Fluid selection was a crucial part of the fixture development. If the viscosity of the fluid
is too low it can leak out between the plunger and fixture causing pressure readings to be
inaccurate. Air bubbles are also likely to exist in the system. Cavitation of air bubbles
during experimentation will cause unexplainable spikes in the pressure data. Gross (1958)
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investigated cavitation in oil and water based fluids subjected to impacts. From these
experiments acceleration thresholds for cavitation in fluids were established, as shown in
Figure 4-9. Based on these results it was determined that a fluid with high viscosity
would be more suitable in preventing cavitation.

Figure 4-9: Cavitation of oil vs. water (Gross, 1958)

Three fluids were investigated based on availability, water, mineral oil and glycerin. The
cylinder was filled with each of the proposed fluids and left orientated vertically with the
plunger down for a period of twelve hours. No leaking occurred with the glycerin or
water, the mineral oil however did leak considerably. Glycerin was chosen as the final
liquid over water due to its higher viscosity, making it less susceptible to cavitation.
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4.3.2

Test Protocol

A protocol was developed to eliminate the possibility of air bubbles in the glycerin. With
a plug bolt where the Kulite probe is installed in the fixture, the fixture is set on blocks
with the front pointed in the vertical direction, as shown in Figure 4-10. Glycerin is
poured into the fixture to the lip, while pouring the glycerin into the fixture several air
bubbles will be suspended in the liquid. The fixture is then left overnight, allowing the
suspended air bubbles to escape. Once the suspended air bubble have escaped the
polycarbonate plunger is inserted into the fixture. This causes a substantial air bubble to
be trapped between the glycerin and polycarbonate plunger.

Figure 4-10: Blast mitigation fixture orientated vertically on blocks

4.3.2.1 Air Bubble Removal Process
To remove air bubbles from the fixture, place the fixture horizontally on the blocks with
the side screw orientated vertically, as shown in Figure 4-11. While putting pressure on
the plunger, remove the side screw, this pressure is necessary such that the plunger does
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not fall out of the fixture. Place shims under the rear of the fixture; the slight elevation
causes any air bubbles to move to the rear of the fixture to the side screw hole. Pour
glycerin into the side hole until the level of glycerin is even with the outside of the
fixture, removing any possibility of air bubbles. Replace the side screw and orientate the
fixture vertically once again. Any remaining air bubbles are visually identifiable through
the clear polycarbonate, as shown in Figure 4-11. If any air bubbles remain repeat the air
bubble removal process.

Figure 4-11: Blast mitigation fixture orientated horizontally with labels
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Figure 4-12: Identification of air bubble in system

4.3.2.2 Sensor Installation
To safely install the Kulite Probe it is sheathed in a 1/8” stainless steel rod with inner
diameter of 0.086”. Rubber cement is used to seal the outside of the Kulite probe to the
inside of the tubing. It is necessary to seal the rod to keep all sensor wires dry and also to
prevent any pressure loss during experimentation. Sheathing the Kulite probe also allows
the probe to be placed closer to the back of the plunger. The length of sheath was
adjusted such that the probe would be 1.5” behind the plunger.

The Kulite probe is inserted into a 1/2”-20 bolt that has a 1/8” hole drilled through the
center, as shown in Figure 4-13. Rubber cement is applied to the drilled hole prior to
insertion of the rod to eliminate any possibility of leaks. Hot glue is then applied around
the sheath-bolt interface.
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Figure 4-13: Kulite probe mounted in stainless steel sheath and 1/2"-20 bolt

To install the mounted Kulite probe to the fixture, the fixture is placed vertically on its
face with a block holding the plunger in place. The rear sensor screw is removed and the
mounted Kulite probe is installed in its place. After installation the fixture is inspected for
air bubbles, if any bubbles were found they are removed according to the air bubble
removal process outlined above.

4.3.3

Baseline establishment

To accurately determine the performance of any material a baseline is required for
comparison. To establish a baseline for the blast mitigation performance fixture a 4”
diameter, 1” thick polycarbonate sample was constructed, as shown in Figure 4-14. The
transmission of a material subjected to a blast impact can be separated into two parts: the
first is the force transmitted from the impact of the shock wave, similar to blunt impact;
the second is the stress wave propagating through the material. By constructing the
baseline material out of the same polycarbonate that the plunger was constructed of there
was no impedance mismatch and the entire stress wave is transmitted into the fixture. A
thin layer of rubber cement is used to affix the polycarbonate sample to the plunger.
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Figure 4-14: 1” polycarbonate sample used for baseline establishment

The test fixture is mounted in the 9” test section, as shown in Figure 4-15. In the image
the shock wave enters from the right. By mounting the fixture slightly back in the test
section high speed video footage can be taken of the sample. This footage is analyzed to
check sample placement and orientation at the time of arrival of the shock front and also
to determine when gross motion of the sample into the fixture begins and maximum
displacement occurs.

9” tube test section

Test fixture

Figure 4-15: Fixture orientation in 9" square tube test section
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The polycarbonate sample was subjected to four incident pressures with 3 replications.
For 30 psi incident wave profile, as shown in Figure 4-16 a peak pressure of 415 psi was
observed. The oscillatory noise in the signal is the stress wave trapped in the fixture
bouncing back and forth. The drastic increase in pressure is caused from the impedance
mismatch between the air and polycarbonate which increases the magnitude of the stress
wave propagating through the system.

Figure 4-16: Baseline polycarbonate sample pressure profile - raw

4.4

MIT experiments

Test samples were constructed using Der-Tex material and similar to single cavity
sandwich sample configuration as Goel (2011). Three samples were constructed with two
replicas each, as shown in Figure 4-17. Glycerin and glass beads are used to fill the
hollow sandwich samples. The third sample is solid Der-Tex foam.
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Figure 4-17: Examples of constructed MIT sandwich samples with glass beads and glycerin used for
core materials

Four incident pressures, 8 psi, 14 psi, 20 psi and 25 psi are used for the test protocol with
three replications for statistical assurances.
4.4.1

Results

Peak pressures observed by the Kulite probe are plotted with 95% confidence intervals
for the three samples along with the baseline polycarbonate sample, as shown in Figure
4-18. Initially all three of the samples have the same peak pressure response. Above 20
psi incident pressure the glass beads sample and solid foam sample deviate from each
other with values for the solid and glass samples of 184 psi and 99 psi for 25 psi incident
pressure, respectfully. The glycerin samples leak fluid above 20 psi incident pressure and
are not included for incident pressure above that. Values for all three samples are
expected to be less than the baseline polycarbonate sample which holds true.
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Figure 4-18: MIT sandwich sample peak pressure comparison
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Chapter 5: Identification of primary mechanism contributing to
pressure transmission under blast loading
5.1

Introduction

There has been some dispute about the primary mechanism that contributes to mTBI. "In
the case of blast-induced neurotrauma, determining the injury mechanisms is challenging,
particularly, because of the undefined sensitivity of brain function to the stress conditions
that might be inflicted by the blast” (Desmoulin & Dionne, 2009) Two possible
mechanisms have been identified, dynamic loading caused from skull flexion and stress
wave propagation.

The hypothesis that skull flexure from dynamic loading has been identified as the
primary mechanism by Moss, et al., 2009, Chafi, et al., 2010 and Lenonardi, et al., 2011
who stated, “These findings suggest that a global flexure of the skull by the transient
shockwave is an important mechanism of pressure transmission inside the brain”
(Lenonardi, et al., 2011)

An alternative hypothesis that the stress wave propagating into the brain is the primary
contributor has been offered by Nyein, et al., 2010 and Grujicic, et al., 2010. Both used
computational models to investigate stress wave mitigation methods and effectiveness of
current military equipment.
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5.2

Test Protocol

The blast impact mitigation fixture, as shown in Figure 5-1 was chosen for
experimentation. This fixture is capable of collecting pressure data caused by the stress
wave propagating into the fluid and the pressure increase from the dynamic loading.
Glycerin is used as the fluid for the fixture with a Kulite XCL-072-500A pressure probe
placed 1.5” behind the polycarbonate plunger. Two PCB 134A24 piezoelectric pressure
transducers are used to read the incident pressure. One is placed 15 1/2” upstream from
the fixture to measure the incident pressure and duration; the other is placed 1/2”
upstream from the fixture to obtain time of arrival.

Figure 5-1: Blast impact mitigation fixture with labels

Four foam configurations, as shown in Figure 5-2 were tested. Foam materials provided
by Team Wendy Inc. are the same foam materials used in the current military helmet
pads. The two foam materials are designated as hard and soft based on compliancy. All
samples are 3/4”, two homogeneous and two non-homogenous. Non-homogenous
samples are constructed two 3/8” sections of both materials; one is tested with the hard
foam portion forward and the other with the soft foam portion forward. A small amount
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of rubber cement, applied to the center of the sample is used to affix each sample to the
polycarbonate plunger.

Figure 5-2: Identification of foam samples (left), non-homogeneous sample cross section with labels
(right)

All samples are subjected to the same input profile. A 28 psi incident wave profile with 8
millisecond duration is used, as shown in Figure 5-3. High speed video footage is taken
of the event to analyze timing of the kinematics of the samples.

Figure 5-3: Typical incident pressure profile - raw
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5.3

Analysis and Results

The second PCB sensor placed 0.5” upstream from the fixture was used to determine the
arrival time of the shock wave at the fixture. Time of arrival was determined based on the
velocity of the wave profile and the known distance between the PCB sensor and the
front of the fixture. Time of arrival time gates were added to the raw pressure profiles, as
shown in Figure 5-4, Figure 5-5, Figure 5-6 and Figure 5-7. Kinematics of each sample
was determined by analyzing the high speed video footage. Based on kinematics the first
motion of the pad and full displacement into the fixture times were determined and
corresponding time gates were added to the pressure profiles.

For all samples the first peak occurs after the first motion of the pad and before the
maximum displacement. In the soft sample and both non-homogenous samples an initial
rise in the data occurs before the first peak. The soft pad material was very compliant,
and the material properties, especially the acoustic wave speed of the material vary
depending on the rate at which it is loaded and the density. As the soft sample is
compressed, the acoustic wave speed changes as a function of the density. This change in
acoustic wave speed from the initial to compressed state results in two stress wave
propagating into the fixture. The first causing the initial increase in the pressure and the
second accounting for the first peak. Variation in the values of the two peaks is a result of
the impedance mismatches in the materials. Oscillations in the data occurring after the
first peak occur in each of the figures. The frequency at which these oscillations occur is
the same for each of the samples. Based on the acoustic wave speed of glycerin the
distance traveled by the stress wave was calculated and it was determined that
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oscillations in the data are from the stress wave traveling radially and reflecting back and
forth in the fixture.

A peak also occurs after the maximum displacement for each case. This peak is attributed
to the dynamic loading of the system. Initially it was believed that the second peak values
should be the same as the reflected pressure. As the pad displaces into the fixture the
shock wave becomes trapped in the fixture and repeatedly reflects off the sides of the
fixture, causing the pressure gradient to drastically increase. This increase is not observed
in the reflected pressure data because that pressure reading is from the steel portion of the
fixture and not from the sample. Average pressure values for the second peak, as shown
in Table 5-1were obtained by taking a fifty point average around the peak. Peak pressures
for the dynamic loading are relatively uniform for all four samples, indicating that the
same dynamic load is applied to each sample.
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Figure 5-4: Soft foam pressure profile with pad kinematic time gates determined from high speed
video
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Figure 5-5: Hard foam pressure profile with pad kinematic time gates determined from high speed
video
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Figure 5-6: Hard/soft foam pressure profile with pad kinematic time gates determined from high
speed video
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Figure 5-7: Soft/hard foam pressure profile with pad kinematic time gates determined from high
speed video
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Table 5-1: Average dynamic load peak pressure values

Sample

Average Dynamic Load Peak Pressure (PSI)

Soft

140

Hard

128

Hard/Soft

142

Soft/Hard

131

Due to the dynamic material behavior of the foam samples it was difficult to develop a
material model to be used as a mathematical comparison to the experimental results.
Simulation data is compared to a typical, raw pressure profile from a polycarbonate
sample, as shown in Figure 5-8. Some discrepancies exist with first peak. This
discrepancy could be a function of the resolution of the simulation which was performed
at 100 kHz whereas experimental sampling was 1 MHz. The non-linear behavior of shock
waves is also difficult to model using linear FEA. This non-linearity causes the
simulation to miss the initial peak observed in the experimental data.

Figure 5-8: Experimental/Simulation comparison of polycarbonate sample
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Arrival time of the shock front is determined in the video footage from light refraction
caused by the shock front. First motion of each sample and the time to full displacement
after the shock front arrival is compared, as shown in Figure 5-9. Timing of first motion
and full displacement of the system is uniform across all four samples. Each of the
samples has approximately the same mass. The force applied to each samples was also
approximately the same. If it is assumed that each sample also has the same change in
velocity then according to the force-momentum equation:

The timing of the event should also be the same across each of the samples. If the
dynamic loading is the primary contributor of pressure imparted into the fixture the
pressure profiles for all four samples should have similar profiles in terms of timing.
Sampling rate for the camera was 15,000 frames per second resulting in a resolution of 67
microseconds.

Figure 5-9: Timing of 1st motion of the pad and full displacement into the system
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Pressure data provides the timing of the first pressure peak observed by the Kulite probe
behind the polycarbonate plunger, as shown in Figure 5-11. The time to first peak is
defined as the time duration from the time of arrival to the first peak occurring in the
data, as shown in Figure 5-10. For the soft, hard/soft and soft/hard samples the peak used
for the time of arrival and for the peak pressure are different. This discrepancy is caused
from the dynamic material behavior of the samples causing the second peak to have a
higher amplitude. The higher amplitude peak is used to determine the “peak” pressure.
Data from a polycarbonate sample obtained during the development of the fixture is
added for comparison. Time to first peak was similar in the soft, hard/soft and soft/hard
samples were statistically the same. First peak for the hard foam and polycarbonate
samples were both significantly lower than the soft foam sample.

Figure 5-10: Definition of time to 1st peak and peak pressure
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Figure 5-11: Time from arrival to 1st peak for each sample

Theoretical stress wave transmission times are calculated using acoustical wave speed for
each sample based on the following equation:
√

Equation 5.4 provides acoustical wave speed for each material used in the fixture based
on the density and Young’s modulus. Theoretical times, as shown in Table 5-2 are similar
to the confidence interval of the experimental time to 1st peak. Each of the experimental
times to 1st peak for the foam samples is lower than the theoretical values. The provided
data for the foam materials was derived from quasi-static stress-strain data, because of the
high loading rate the young’s modulus is higher than the quasi-static values resulting in
faster wave velocity speeds under blast loading. The higher experimental wave velocity
results in lower times to 1st peak as compared to the theoretical times.
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Table 5-2: Theoretical stress wave transmission time compared to experimental time to 1st peak

Acoustic

Theoretical Time for

Confidence Interval from

Wave Speed

Stress Wave (microsec)

Experimentation (microsec)

Polycarbonate

(m/s)
2270

37

76.2 – 114.6

Hard Foam

160

147

112-168.6

Soft Foam

91

236

173.7-195.3

Hard/Soft Foam

160/91

192

151.2-184.4

Soft/Hard Foam

91/160

192

160.8-190.2

Sample

To mathematically confirm the peak pressures observed in the glycerin the stress wave
propagation is analyzed. When a stress wave meets a material interface a portion of the
stress wave is transmitted into the next material and a portion is reflected back into the
material, as shown in Figure 5-12. These reflections occur multiple times until the stress
wave is dissipated. The slope for each material is based on the acoustic wave speed for
each material. An additional set of transmission/reflection waves is included for the
polycarbonate and glycerin. The time between the two glycerin waves is 25 microseconds
which correspond to the oscillations observed in the pressure data after the first peak, as
shown in Figure 5-4, Figure 5-5, Figure 5-6 and Figure 5-7. Each reflection at the second
interface (Sample/polycarbonate) causes the stress wave to dissipate slightly, causing the
peak of oscillation to decay.
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Figure 5-12: Analytical explanation of stress wave propagating through multiple materials

Theoretical pressure values in the glycerin due to the stress wave are calculated using the
following equations to determine the amplitude of the stress wave transmission at each
material interface:

Where:

is the transmitted stress,

is the stress wave,

is the impedance and

is the

sound speed of the material. Average experimental peak pressure values observed in the
glycerin for each of the samples were calculated, as shown in Table 5-3 assuming that the
reflected pressure on each sample is 75 psi and that the impedance of each sample
remains constant throughout the event. Each of the samples theoretical pressure is of the
same order of magnitude as the average peak pressure.
Table 5-3: Comparison experimental and theoretical transmitted peak pressures

Sample
Hard

Theoretical Peak Pressure (PSI) Average Peak Pressure (PSI)
244

237
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Soft

222

384

Hard/Soft

204

502

Soft/Hard

258

394

P-value analysis was performed on the data with the following used as the null and
alternative hypotheses:


H0: Dynamic loading is the primary contributor to pressures transmission from
primary blast waves. For this hypothesis to be true the peak pressure must occur
at or after the time of maximum compression



H1: Stress wave induced from the impact of the shock front is the primary
contributor to pressures transmission.

Z-score values are calculated for each sample using the following equation (MacMillan et
al, 2006):

⁄
√
Where X is the experimental value, μ0 is the mean, σ is the standard deviation and n is the
number of samples. Maximum compression times for each sample are taken from high
speed video footage and are used as the mean. P-values are taken from z-score tables
based the z-score for each sample, as shown in Table 5-4. Polycarbonate is not included
in the power analysis as high speed video footage does not exist for those data. P-values
for all samples are less than 0.001. For the soft foam the mean value for the null
hypothesis is 28.2 standard deviations from the experimental data. The p-value is an
estimate of the probability that the null hypothesis, H0 holds true.
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Table 5-4: P-value analysis for load contribution

Sample

z-score P-value

Soft Foam

28.25

<0.001

Hard Foam

24.5

<0.001

Hard/Soft Foam

51.2

<0.001

Soft/Hard Foam

67.9

<0.001

Statistical analysis and comparison of theoretical wave propagation times to pressure data
disproves the null hypothesis that the dynamic loading is primary contributor to pressures
observed in the brain under blast loading. That means that statistically the alternative
hypothesis that the stress wave propagation is the primary contributor must hold true.
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Chapter 6: Concluding Remarks
6.1

Discussion

The mechanisms and injury thresholds for TBI and mTBI caused from the primary blast
wave are not clearly understood or defined. Two novel test fixtures were developed to
provide simplified small scale experimentation on new blast mitigation systems. Both
fixtures utilized the 9” square shock tube already in existence at the University of
Nebraska-Lincoln Blast Facility.

The first test fixture simplified the helmet-head subspace into a two dimensional fixture
in which a single pad or area of the subspace could be analyzed experimentally, focusing
on the “underwash” effect. An advantage of this fixture is that other research institutes
with smaller shock tubes can use it to test conceptual designs without the need for full
scale testing with a large shock tube. A pressure relationship was investigated to
determine how the gap distance between pads in the helmet affects the pressures
observed on the forehead and crown of the head. Optimal gap distances were determined
to be 1.6”, 2.1” and 2.9” for incident pressures of 30 psi, 20 psi and 10 psi, respectively.
Once pressure injury thresholds are determined for the crown of the head and forehead
the results can be reexamined and new optimal gap distances can be established.

The second fixture was developed to compare the global pressure response of pad
samples without the results being affected by boundary conditions. This fixture was used
to identify the primary contributor to pressure transmission under blast loading. Two
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hypotheses were offered, one that the dynamic loading of the pad on the skull, causing
skull deformations is the primary mechanism and the other that the stress wave
propagation is the primary mechanism. For all cases the dominant peak occurred before
full displacement of the sample/plunger occurred. Simulations and stress wave
propagation calculations were used to justify the identification of the stress wave
propagating as the primary mechanism of blast transmission.

An additional test methodology was developed in the UNL Blast Facility. A structure that
simulates an IED detonating under the floor of a vehicle, focusing on occupant
kinematics and loading conditions was designed and named the AENID.

6.2

Suggestions for Future Work

6.2.1

Head-helmet subspace fixture

Full scale testing on the FOCUS head form fitted with an ACH and pads set to different
gap distances would further justify the accuracy of the fixture. Three gaps tested over all
three incident pressures with sensors positioned similarly to the fixture would provide
sufficient data for comparison. If there are significant differences between the focus head
form results and the results of the fixture a function could be developed to adjust the
fixture values such that they correlate to the full scale testing. Additionally the identified
ideal gap distances can be modified once injury criterion are developed for head.
6.2.2

Blast mitigation performance fixture

Additional materials both foam and composite characteristic testing would be beneficial
in the development of blast mitigation materials. A flat section of helmet material could
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be added to the front of samples to estimate the overall effectiveness of the combat
helmet and pad system. Significant research has been performed on polyurea as a
possible blast mitigation material. A simple set of experiments with a non-compliant
foam material with and without the polyurea would illustrate its effectiveness in blast
mitigation.

Test procedure for potting various biological materials would allow for material
properties including acoustic impedance to be obtained from various biological materials.
Potted samples could be affixed to the polycarbonate plunger using rubber cement or the
potted material could replace the plunger providing more accurate experimental data.
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Appendix A: Development of Additional Test Methods
Vehicle underbody blast testing structure
In Operation Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) improvised
explosive devices (IED) have become one of the primary weapons used by insurgents and
al-Qaeda to attack military vehicles. IEDs account for 62% of injuries sustained by
soldiers injured while part of a vehicle convoy. Landmines accounted for 35% of injuries;
together IEDs and landmines account for 97% of injuries sustained by soldiers injured
while part of a vehicle convoy. (Gondusky, 2005)

While the use of landmines against vehicles is not new to warfare and has accounted for
at least 22% of casualties in every war/conflict since World War II, as shown in Table
A-1 the percentage of casualties associated to the combination of IEDs and landmines is
substantially higher in OIF and OEF than it has been in previous military operations.
(Bird, 2001)
Table A-1: Percentage of casualties associated to landmines in past US wars/conflicts (Bird, 2001)

War/Conflict

Percentage of casualties attributed to landmines

WWII

22%

Korea

55%

Vietnam

70%

Persian Gulf

59%

Somalia

60%
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Ripple & Mundie, 1989 evaluated injury criteria for vehicle occupants subjected blast,
gas and thermal radations. Data from multiple sources was compiled to determine
exposure limits for incapacitation of military tasks. Blast exposure was defined as being
limited to the air containing structures of the body which inluded the lungs,
gastrointestinal tracts and the ears. Detonations under a vehicle also subject the occupants
to acceleration which has the following mechanisms of injurty:


Direct impingement of a vehicle part onto a body part



Force loading the body through the vehicle’s seat



Displacement of the solider into a vehicle



Trauma from displaced objects

Injury criteria were broken up into four areas of the body, the head, neck, chest and lower
extremities. Injury criterion for the head was based on Head Injury Criteria (HIC),
anything that surpasses HIC results in a concussion which incapacitates the solider.
Moments values for forward flexion, rearward extension and lateral bending as well as
forces and duration limits were defined for the neck and chest. Finally lower axial
compressive limits were defined for lower extremities. Separate limits for the tibia and
femur were not defined because, “Leg fracture predictions are assumed to affect both legs
simultaneously and are therefore expected to cause complete and immediate
incapacitation for military tasks.” (Ripple & Mundie, 1989)

Others including Kargus (2008) and Arepally (2008) developed test methodologies for
ied/blast detonation under military vehicles. Kargus (2008) used a shock generation
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machine to compare performance of different seat systems on vertical and lateral
accelerations. Specimins were tested in free fall to avoid storing energy in the test
sepcimen, guaranteeing that the specimen would not be under compression prior to
testing. It was found that with rigid coupling (no shock absoption) the THOR ATD saw
velocities four times the input velocity. Seats with dedicated energy absobing
subassemblies increased max allowable input from 6.6 m/s to 6.9 m/s. Also found that for
lateral tests a 5-point vs. 4-point restraint reduced average head movement.

A similar free fall method was developed by Arepally (2008), as shown in Figure A-1.
Physical testing was verified using a computational model which indicated that all critical
crew injury values, except the lower tibia were lowered with the implementation of seat
system energy management. By adding the toe pad foam padding, the tibia loads were
reduced by 5%.

Figure A-1: Vertical drop tower fixture (Arepally, 2008)
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NATO HFM-090 (2007) identified a lack of suitable information for injury assessment of
the anti-vehicle mine threat. They proposed injury criteria, tolerance levels and
measurement methods to access vulnerable body regions for vehicles subjected to blast.
The 50th percentile Hybrid III ATD was determined to be the most accurate dummy for
measuring the loads and accelerations applied to occupants of the vehicle. It was
concluded that further test methods needed to be developed so that a more thorough
understanding of under body blast could be ascertained.
Test methodology development
A device that that simulated an IED detonating under the floor of a vehicle focusing on
occupant loading and kinematics was desired. This device is referred to as the under body
blast system. Specific velocity requirements were outlined for the velocity input of the
system, as shown in Table A-2. Input velocity is defined as the peak velocity observed by
the floor plate component of the system. The floor plate simulates the floor of the vehicle
which interfaces with both the chair and feet of the occupant. Input rise time is defined as
the amount of time the system takes to reach the peak input velocity.
Table A-2: Required velocity input parameters for under body blast

Input Velocity (m/s)

Input Rise Time (milliseconds)

5, 7.5, 10, 15

2.7, 5, 7.5

It was determined that the 28” square shock tube, already in existence at the UNL Blast
Facility would be used as the input device. By using a shock wave as the input source the
peak velocity and duration of the system could be adjusted by changing the input wave
profiles. A test system consisting of three assemblies, a containment structure, floor plate
and chair, would mate to the existing 28” square shock tube, as shown in Figure A-2. The
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under body blast system would replace the catch tank in the schematic. Responsibility for
the design of the chair assembly was delegated else ware and was completed after the
containment and floor plate assemblies were fabricated. This document contains the
development of the containment structure and floor plate assemblies.

Figure A-2: Schematic of 28-inch shock tube (Kleinschmit, 2011) (Top), Conceptual UBB fisture
drawing (bottom)

Containment structure
The containment structure primarily acts as the frame of the under body blast system. In
order for experimentation to be repeatable the structure had to be completely rigid and be
able to withstand experimentation for the life of the project. Time constraints of the
project required that all materials be rapidly obtained and construction be as simple as
possible. Square tubing was chosen as the primary construction material due to its
availability and constructability. High speed video footage would be taken from multiple
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angles, by using square tubing the line of sight would only be slightly impeded and
kinematics of the test specimen and system components could still be observed.

This is not the only project that the 28” shock tube is used for, which required for the
structure to be moved in and out of the blast facility. To accommodate that requirement a
5’ x 8’ floor section was added to the design using 4” square tubing welded to the bottom
of a steel plate. Slots between the tubing allowed for the structure to be moved with a
pallet jack or fork lift.

Finally one end of the structure had to allow the muzzle of the 28” shock tube to mate up
with the floor plate. The opposite end of the structure needed to also be open to allow for
the seat assembly to mate with the floor plate. These two design constrains required that
the center portion of the structure be as open as possible. To accommodate this two Aframes connected by lateral members were proposed for the initial design, as shown in
Figure A-3. Allowable travel distance for the plate was set at 12” based on the highest
input velocity with the longest rise time. The 28” shock tube would insert from the left in
Figure A-3and the chair structure from the right. The additional area of the base on the
right would act as a platform for the chair structure. The chair would be situated
horizontally such that the test specimen’s back would be facing downward.
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Figure A-3: Initial containment structure design

There were concerns that a travel distance of 12” might meet current needs of the system
but might not accommodate all testing parameters needed for the structure years into the
project. In order to shape the input velocity rise time additional components would need
to be added between the floor plate and A-Frame. These components would reduce the
travel distance; therefore the A-Frame was modified such that the final travel distance
was 18”, as shown in Figure A-4. Video analysis of actual under body blast events
showed that the lower extremities, particularly the tibia can extend out. With the chair
orientated horizontally any tibia extension would have impacted the horizontal members
of the A-Frame. For the final design the horizontal members on the chair side were
removed. FEA also identified stress concentrations in the vertical members, additional
structural components were added to reduce stress concentrations.
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Figure A-4: Final containment structure design with labels

The manner in which the A-Frame was attached the Base was also changed. Instead of
being welded, tubular sections with slots would be welded to the base. The A-Frame
would bolt into the tubular sections allowing for removal if components would need to be
replaced. Adding the slots to the tubular sections also allowed for the A-Frame to be
adjusted forward or backward with respect to the 28” tube without adjusting the position
of the Base.
Floor plate design
The floor plate would mount to the four horizontal guide rods in the A-Frame, as shown
in Figure A-5 and would be the part that impinges the load onto the specimen and chair.
In order to absorb as much energy as possible the structural ribbing of the floor plate
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would fit inside the shock tube and seal the shock tube allowing for more energy to be
applied to the system.

Figure A-5: Containment structure mated with 28” shock tube

1st generation floor plate
Initially the plate was 1” thick with dimensions of 36” x 30”. Ribbing was added, as
shown in Figure A-6 to strengthen the plate such that permanent deformation would not
occur. Ribbing was solid 1”x4” bar stock set on end and fully welded to the plate. Mass
of the floor plate was the biggest concern as only a finite amount of energy could be
applied by the shock tube. With that in mind material for the plate was set at 7075-T6
aluminum. Simulations showed that the 1” plate did not survive, however if the thickness
of the plate was reduced to 1/2” with the same ribbing the floor plate would survive an
impact with a non-rigid surface on the outside edges of the plate.
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Figure A-6: Design of 1st generation floor plate

Simulations provided data that the stresses far out ceded the yield stress of the initial
plate design when the plate velocity exceeded 10 m/s. This was caused from the plate
hitting the rigid members of the A-Frame. Two contact points existed, both being on the
outside portions of the plate, causing a bending moment about the vertical axis to be
applied to the floor plate which resulted in permanent deformation. Secondary masses,
one on each side were added to the system, as shown in Figure A-7. The masses absorbed
the momentum of the plate over a longer time duration which reduced the magnitude of
the moment impinged on the floor plate.

Figure A-7: Under body blast system with secondary masses
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The 1st generation floor plate failed after the first two experiments. Fractures in the
welding that connected the ribbing to the plate began to appear after the first test and
further propagated after the second, incapacitating the floor plate. After the ribbing was
removed the deformation to the plate was analyzed, as shown in Figure A-8. Major
deformation occurred in the plate but the curvature showed that the deformation was not
from the impact with the secondary masses. Curvature in the plate was consistent with a
bending moment about the lateral axis, not the vertical. This means that the plate warped
severely during the welding process; warping put all of the welds under stress prior to
impact and lowered their overall strength which explains why the floor plate failed at a
lower peak velocity than expected. Welding hardened aluminum alloys like 7075 or 6061
reduces the material strength properties of the weld areas. Metal inert gas (MIG) welding
reduces the yield strength of aluminum to 70% of the original value. (Moriera et al, 2007)

Plate Deformation

Figure A-8: Deformation of 1st generation floor plate
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2nd generation floor plate
The 2nd generation floor plate, as shown in Figure A-9 was designed and fabricated in
parallel to the 1st generation plate. This plate was primarily designed to be a
demonstration plate as it would be completed prior to the 1st generation plate. 6061
aluminum was used for all components which were chosen purely based on immediate
availability. Top and bottom horizontal ribbing members were 3/4” x 3” solid aluminum;
the other two horizontal members were 4 x 7.7# I-beams. 2” x 3” rectangular tubing with
1/8” wall thickness was used for the vertical members. The vertical members do not
contribute to the stiffness that counteracts the moment about the vertical axis, therefore
rectangular tubing reduced the mass without reducing the strength of the floor plate. All
ribbing members were MIG welded to the plate in a stitch pattern to reduce the likelihood
of warping.

Figure A-9: 2nd generation floor plate

While the 2nd generation plate survived multiple experiments, distinct problems existed.
Accelerometers were attached to the floor plate to determine the velocity profile via
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integration. A higher level of noise existed in the floor plate than expected. High speed
video footage illustrated that the I-beams contained a substantial amount of vibrations
and that the mass of the top flange caused the I-beams to behave like tuning forks.
Additional plates were added to the floor plate do accommodate the Hybrid III 50th
percentile ATD. The center plate is the interface for the chair stems and the upper plate is
the interface for the dummy feet. Placement for the chair and feet interface was based on
the moment balance about the bottom guide rod. This moment had to be balanced such
that the floor plate would remain vertical through the experiment and would not tilt. After
several loadings the welds began to fatigue and crack, as the cracks propagated it was
determined that they had lost structural integrity and the 2nd generation floor plate was no
longer safe to use.
3rd generation plate
Welds on both the 1st and 2nd generation floor plates failed unexpectedly therefore ribbing
on the 3rd generation floor plate would be bolted on rather than welded. A similar layout
configuration to the 1st generation plate would be used. Strength of the floor plate
depended on the stiffness of the horizontal rib members, particularly the stiffness against
the moment about the vertical axis. By assuming that the area between each bolt acted as
a simply supported beam the following stiffness coefficient was derived to optimize the
strength of each rib (Budynas & Nisbett, 2011):
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Rectangular tubing was chosen based on its ease to manufacture and availability. Tubing
was also easily bolted onto the plate. Based on the stiffness coefficient calculations and
mass optimization it was determined that 2” x 4” rectangular tubing with wall thickness
of 1/4” would be roughly 2.5 times stiffer than the ribbing used on the 1st generation floor
plate as well as being 4.5lbs lighter.

In addition to the ribbing being bolted on gusseted l-brackets were added to the design on
the out edges of the plate, as shown in Figure A-10. L-brackets increased the stiffness of
the outer edges of the plate and still allowed for 2” of the ribbing to insert into the muzzle
of the 28” shock tube. Small plates were added at the rib interfaces to tie the ribbing
together. This would help reduce vibrations observed in the system and also strengthen
the system.

Figure A-10: 3rd generation floor plate
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Individual standoffs were used in the ribbing for each bolt, allowing for higher torque
values to be applied to the bolts. Consistently checking the torque values helped increase
the repeatability in the system and ensured that the system would continue to operate
safely. Grade 5 fasteners were selected and all bolts for the 3rd generation plate were
torqued to 64 ft-lbs based on manufacturer specifications (Fastenal, 2009).

